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Abstract 

This paper deals with settling of highly concentrated cohesive sediment suspensions. We evaluate a new hindered settling 
formula. New settling experiments on these highly concentrated suspensions are described to test this formula. For the 
analysis of the experiments both an analytical and a numerical method are used. Kynch's analytical theory, based on 
the method of characteristics is used to study the type of settling. Furthermore, a 1 DV-point model is used for analysis of 
the settling process. We have implemented the new hindered settling formula in this model, which is tested against 
experimental data. It is concluded that the data are described fairly welL The analysis with the theory of Kynch [1952. 
A theory of sedimentation. Transactions of the Faraday Scociety 48, 166-176] and the model show that highly 
concentrated suspensions can settle with either one interface or with two interfaces, depending on the initial concentration 
and the shape of the settling flux function. 
r 2007 Elsevier Ltd. All rights reserved. 
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1. Introduction 

In the past decades knowledge on the properties 
and behaviour of cohesive sediment has increased 
gradually, motivated by the awareness of the 
importance of cohesive sediments in the ecosystem, 
amongst other things. It was understood that 
cohesive sediment has important properties, such 
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as its ability to adhere heavy minerals and other 
contaminants, and the fact that it may contain a 
high amount of organic material, a source of food 
for many organisms. 

Much research has been carried out on the 
settling of low-concentration mud suspensions and 
on consolidation. Been (1980) and Sills (1997), 
amongst others, performed experiments on settling 
and consolidation of natural mud, and Merckelbach 
(2000) developed a consolidation model that was 
validated against experiments with natural mud. In 
contrast, little research has been published on the 
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settling behaviour of highly concentrated mud 
suspensions in general, and on the behaviour of 
highly concentrated mud-sand mixtures in particu­
lar. Yet, this is an important subject when studying, 
for instance, the transport and fate of dredging 
plumes and their effect on the ecosystem, and the 
siltation of navigation channels and harbour basins. 
The lack of proper understanding of hindered 
settling and its modelling is partly due to a lack of 
proper data. 

In this paper, we report on the behaviour of 
highly concentrated mud suspensions only; mud­
sand mixtures are treated in another paper. The goal 
of this research was to create a data set on the 
settling of highly concentrated mud suspensions, to 
describe and analyse their behaviour with Kynch's 
(1952) theory on hindered settling, and to develop a 
model for settling suspensions in the hindered 
settling regime. To reach this goal, experiments on 
highly concentrated cohesive sediment suspensions 
have been performed in the Environmental Fluid 
Mechanics Laboratory at Delft University of 
Technology. In this paper, we attempt to analyse 
the behaviour of these suspensions with the method 
of characteristics, a well known method for settling 
suspensions. Next, a 1 DV model is used for further 
analysis of the experiments. The model consists of 
two parts, one for the mud fraction and the other 
for the sand fraction. Here, only the part of the 
model that describes the settling of highly concen­
trated mud suspensions is used. 

2. Theories on hindered settling 

2.1. Kynch's theory 

A single particle or floc settling in sti II water has a 
specificsettling velocity6Ns;cP. which is a function of 
its shape, size, density and the viscosity of the fluid. 
When the concentration of particles increases, they 
start to interfere and hinder each other, thereby 
reducing their settling velocity. This is called 
hindered settling and the settling velocity is referred 
to as the effective settling velocity 6Np. When the 
concentration increases further, the particles tend to 
be in constant contact with each other, and a 
particle framework builds up. The change from a 
water supporting system to a sediment supporting 
system is called gel I i ng and the gel I i ng concentration 
OC981P is the concentration of the suspension at that 
point. Also, from this point early consolidation 
starts, water is squeezed out and effective stresses 

become measurable. Hindered settling of cohesive 
sediment floes occurs when mass concentrations are 
larger than a few kg=m3 (Mehta, 1986). 

The theory of sedimentation of highly concen­
trated suspensions was first studied by K ynch (1952) 
and elaborated by, amongst others, Kranenburg 
(1992). Kynch (1952) introduced an empirical 
relationship between the effective settling velocity 
and the local sediment concentration (herein the 
local volumetric sediment concentration of the 
sol ids f % c=cge1 is used), assuming that everywhere 
in the suspension the settling velocity of particles 
depends on the local concentration of particles only: 

Ws% Ws;O fofP. (1) 

Herews;o is the settling velocity of a single particle in 
still water in a Eulerian reference frame, positive 
downward, and fofP is a function that describes the 
effect of the concentration on the settling velocity, 
i.e., f<Y.P% 1 an dfo1P% 0. Hence, the following 1-D 
vertical volume balance is derived: 

9..!_ h w. FofP9..!_% 0 qt 1-' s,O qz , 

where 

Fofl:>% ddf%t fofl=>] 

(2) 

(3) 

and where t is time and z is the vertical coordinate, 
positive downwards. Eq. (2) is a 1-D simple wave 
equation, which is hyperbolic and its solution allows 
for the formation of shocks, also called interfaces. It 
can be solved by integrating along characteristic 
lines, i.e. lines of equal concentration of!:>, in theaz; 1P 
plane. These lines are given by 

(4) 

where Cc is the celerity (wave speed). The position 
of the characteristics in timet is given by 

:zOIP% ZQ6fP p Ws;oFofl=t, (5) 

where ZQ6fP represents the initial height of a specific 
concentration or characteristic. Two characteristic 
lines converge if dz=dZo decreases with time. 
Differentiating Eq. (5) gives 

dz 
1 

dF d f 
dzo ~ 1 p Ws,o dT dZo t. (6) 

If the concentration increases with depth 
Od f=dZo 4 Q:>, and as an interface develops when 
characteristic paths converge, Eq. (6) implies that an 
interface in a settling suspension will develop when 
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dF=d f o 0. In still water there is always an interface 
between the water above the suspension and the 
settling suspension. A second interface, lower in 
the suspension, will occur when the above-men­
tioned criterion is met. As the upper interface is 
always present (in a mono-dispersed suspension) it 
can be concluded that when 

dF 
dToo 

two interfaces develop and when 

dF 40 
df 

(7) 

(8) 

only one interface develops. In the latter case, the 
concentration in the lower part of the suspension 
increases gradually. These two types of settling may 
both exist depending on the initial concentration. 
For suspensions that can settle in both modes there 
is a concentration, f cro at which the behaviour 
changes from settling with two interfaces to settling 
with one interface. It is obvious that any hindered 
settling model must account for this behaviour. 

Thus, we conclude that the interference between 
characteristics can result in a jump in concentration 
(interface) or a gradual change in concentration. A 
jump is called a regular shock or a compound shock 
wave. It occurs when the characteristic lines cross 
from both sides (Fig. 1a and b) (Bartholomeeusen 
et al., 2003). A gradual change, in which the 
characteristics diverge, is called a rarefaction wave 
(Fig. 1c). 

The upper interface generally consists of a regular 
shock wave. In the suspension itself all three typES 
of wavES are theoretically possible. A regular or 
compound shock wave occurs when dF=d f o 0, and 
a rarefaction wave when dF=d f 4 0. A regular 
shock wave is, however, highly unlikely (Bustos 
et al., 1999). In experimental situations when a 
lower interface is present, there is a gradual increase 
from the shock towards the gelling concentration 
(Toorman, 1992), indicating a compound shock 
wave. 

Fig. 1. Three possible types of characteristic wave paths. (a) 
Regular type; (b) compound type; and (c) rarefaction type (after 
Bartholomeeusen et al., 2003). 

Whether compound, regular or rarefaction waves 
occur depends on the flux function OSOfi:P and the 
position of the initial volumetric concentration on 
the flux function. Bartholomeeusen et al. (2003) and 
Bustos et al. (1999) show that the speed of the shock 
wave, s, is determined by the Rankine Hugoniot 
jump condition: 

(9) 

and that a regular or compound shock occurs when 
Oleinik's jump entropy condition is fulfilled (Bustos 
et al., 1999): 

SOfP L SOt J=> X X SOfP L SOt dp 
flfu S flfd 

or 

Ws;oFof J:>XsXws;oFof dp 61()::> 

with f u and f d the volumetric concentrations just 
above and just below the shock, rESpectively. When 
Eq. (10) is not fulfilled there will be a gradual 
transition of concentration (rarefaction wave, Fig. 1c). 

2.2. From theory to application 

The ultimate purpose of this study is to derive a 
formulation for the settling behaviour of sediment 
in complex 3D models. For this purpose, an 
"integral" advection-diffusion equation was de­
rived (Winterwerp and Van Kesteren, 2004) that 
accounts for both the (hindered) settling and 
consolidation regimes and which can be applied 
from the water surface into the bed. This advec­
tion-diffusion equation for the hindered settling 
and consolidation of a suspension reads 

L 
f l f 
~%_9_ox t bh ..9_ oo h Gr h Gh~ (11) qt qz s rr 1-' qz s 1-' 1-' rr qz , 

where f Po% c=r pis the volumetric primary particle 
concentration of the solids fraction, Xs is the settling 
function (Winterwerp and Van Kesteren, 2004), Ds 
is the molecular diffusion coefficient, Gc is the 
diffusion component (i.e. consolidation coefficient) 
in the consolidation formula in which fractal theory 
has been used, and GT is the eddy diffusivity. The 
advection-diffusion equation can be rewritten as 

t J t I 
~t %: Xs f P poDs p Gr p GJ:> ~ . (12) 

FOIA_07123_0005563_0003 



1896 P.J.T. Dankers, J.C. Winterwerp I Continental Shelf Research 27 (2007) 1893-1907 

The settling function in the advection term consists 
of two parts: 

Xs % W5 P 1 : ~f c (13) 

in which the first term is the advective particle flux 
in the hindered settling regime and the second term 
the advective particle flux in the consolidation 
regime, with W5 is the effective settling velocity, Z 
is a heuristic parameter to obtain a smooth 
transition between the descriptions for hindered 
settling and permeability and 

(14) 

with r s is the sol ids density, r w is the density of 
water and k is the permeability. 

The diffusion term, Gc, in Eq. (12) describes 
consolidation when the effects of effective stress and 
permeability are dominant, while the consolidation 
part, f c• in the advection term describes early 
consolidation when the effect of permeability only 
is dominant. The flux in Eq. (12) can thus be divided 
into three phase;, namely a hindered settling phase, 
a phase where the effects of permeability are 
dominant and a phase where the effects of effective 
stress are dominant. The latter two comprise 
consolidation. Of course, these regimes may overlap 
partly. A similar kind of division is made by Lester 
et al. (2005). 

The complete advection-diffusion equation can­
not be solved with Kynch's method. However, when 
the diffusion term in Eq. (12) is small, only the 
settling function is left, and the equation reduces to 
the simple wave equation which can be solved with 
the method of characteristics. The first stage of 
consolidation, where permeability effects are im­
portant, is still incorporated in this equation and 
can thus be resolved, c.q. analysed, with this same 
method of characteristics that was described in the 
previous section. 

Fig. 2 shows a sketch of the complete flux 
function of Eq. (12), which contains an advection 
part and a diffusion part. The advective part is 
governed by hindered settling and the effects of 
permeability, whereas the diffusive part is governed 
by the effects of permeability and effective stresses. 
The hindered settling part ends at f p;gel where the 
flux, if we only account for the hindered settling 
flux, is 0. The definition of f p;gel, used in this study, 
comprises nothing more than at that concentration 
the hindered settling function yields Ws% 0. By 

t 
effect of permeability 

effect of effective stress 

l 
0 ~p,cr ~p,gel ~p,max 

Fig. 2. A sketch of the flux in Eq. (12) as a function of f p· Three 
processes are incorporated in the flux: hindered settling, the effect 
of permeabi I ity and the effect of effective stress. For clarity, the 
joint effect of effective stress and permeability, as modelled in the 
diffusion term, is referred to as the effect of effective stress only. 

incorporating the effects of consolidation (both 
permeability and effective stress), the settling flux 
reduces slower, becoming 0 at f p;max only. At this 
concentration, the sediment load is completely 
supported by internal stresses. Yet, some further 
compaction is possible because of creep. f cr depicts 
the (first) inflexion point of the flux function and 
indicates the change between settling with two 
interfaces to settling with one interface. 

Permeability effects start to become important 
around f p;gel· This implies the existence of five 
stages: a hindered settling stage, a stage where 
hindered settling overlaps with the effects of 
permeability, a stage where permeability effects are 
dominant, a stage where the effects of permeability 
overlap with the effects of effective stress and a 
stage where effective stress is dominant (Fig. 2). The 
latter three cases comprise consolidation. The 
second stage, where hindered settling and perme­
ability effects during early consolidation are im­
portant is referred to as the "fluid mud phase" (we 
realise that this is not a common definition for fluid 
mud). In our theory, hindered settling takes place in 
this area as f Po f p;gel· In reality, the effects of 
permeability influence the settling behaviour when 
f P approaches f p;gel and Darcy's law becomes 
relevant. 

As said, we define the transition from the 
hindered settling phase to the consolidation phase 
with f p;gel· We appreciate that effective stresses may 
develop at f Po f p;gel· However, it can be shown 
(Winterwerp and Van Kesteren, 2004) that at f p;gel, 

the effective stress J 1 Pa, which amounts to a few 
tenth promille of the total stress in the bed. 
Therefore, we distinguish between f gel, which marks 
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the artificial transition between hindered settling 
and consolidation, and f struc• which marks the onset 
of a (measurable) effective stress. 

These five separate stages and three phases are 
shown again in Fig. 3 in a log-log plot of the 
complete settling flux against volumetric particle 
concentration, based on data presented in Winter­
werp and Van Kesteren (2004 ). It shows a stage with 
hindered settling, followed and overlapped by a 
stage of early consolidation where permeability is 
important, followed and overlapped by a stage of 
consolidation where the effect of effective stress is 
important, followed by a stage where only effective 
stress is important. 

The types of sedimentation with the definitions 
that will be used in this study are shown in Fig. 4. 

0.01 

0.0001 

il 1E-06 
s 
~ 1E-08 

.:;::: 
bJl 

.!: 1E-10 
i:l 
~ lE-12 
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0.001 0.01 ~cr ~gel 0.1 
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Fig. 3. Double logarithmic plot of the settling flux against f p· 

f 
N 

l 
N 

time ------. 

f 
N 

In this study all equations are related to the 
volumetric floc concentration of % c=c9e1P instead 
of f P' and we define f % 1 at c981 , implying that f 
can become larger than unity when consolidation 
takes place. Instead of the often used structural 
density r struc we choose to use c981 as the division 
between hindered settling and consolidation, as 
reasoned above. 

In the top panel of Fig. 4, the initial concentration 
f i o f cr and dF=d f o 0, which means there are two 
interfaces. These interfaces are indicated by the 
converging characteristics. The upper interface is a 
regular shock, while the lower interface is a 
compound shock (Fig. 1a and b), later followed 
by a rarefaction wave. As explained before, we refer 
to the area above the compound shock as the 
hindered settling phase, below, at f o 1 as "fluid 
mud phase", and for f 4 1 as the consolidation 
phase. Hindered settling takes place in the hindered 
settling and in the "fluid mud phase". 

In the lower panel, f cr o f i o f gel and the 
characteristic lines intersect with each other to form 
an upper interface (regular shock). In the suspen­
sion itself the characteristics do not intersect and a 
rarefaction wave is formed (Fig. 1c). Within the area 
in which the characteristic lines are parallel to each 
other hindered settling takes place. Lower in the 
suspension the concentration increases gradually, 
which is indicated by the diverging characteristics. 
This is the start of the "fluid mud phase", which 
changes to the consolidation phase when the 

- tl - t2 

0 co cgel cmax 0 cgel c max 

concentration -

Fig. 4. Two different settling behaviours for uniform initial concentration distributions according to Kynch. Characteristic lines (marked 
with arrows), interfaces (lu Y. upper interface, II Y. lower interface) and concentration distributions at two time levels. Adapted from 
Kranenburg (1992). 
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concentration becomes larger than the gelling 
concentration. 

This theory is used to analyse the experimental 
data. Furthermore, we develop a model that 
accounts for the above-described theory by allowing 
both types of settling. 

2.3. Hindered settling function 

The hindered settling function f6fP in Eq. (3) 
needs to be specified. By applying the above theory 
we examine the settling behaviour predicted by 
different hindered settling functions. Commonly, 
the well known hindered settling equation by 
Richardson and Zaki (1954), adjusted for cohesive 
sediment floes by Mehta (1986), is used: 

W5 %Ws;cP1 L kfJf, (15) 

where k is an empirical parameter, f P is the 
volumetric concentration of the solids, f P% c=r s 
in which c is the mass concentration and r s the 
density of the sediment, and n is a function of the 
particle Reynolds number. Many studies on hin­
dered settling of sand, discussed briefly in a paper by 
Mandersloot et al. (1986), make use of this model. 

In Winterwerp (2002) and Winterwerp and Van 
Kesteren (2004) this model is reanalysed. Winter­
werp (2002) used the same rationale as Mandersloot 
et al. (1986) and Scott (1984) for the analysis of the 
hindered settling of cohesive sediment and cohesive 
sediment mixtures. He reasons that, as each floc 
within a suspension can be considered to settle in 
the remainder of the suspension, this would result in 
three hindering effects: 

Return flow and wake formation: Settling particles 
generate a return flow and a wake. Neighbouring 
particles will be influenced by this effect and their 
effective settling velocity will be decreased by a 
factor 61 L fP, where f % c=c981 is the volumetric 
concentration of floes. 
Viscosity: Each floc settles in the remainder of 
that suspension which has an increased viscosity. 
As no proper formulations exist for the viscosity 
in the range of mud concentrations treated in this 
paper, we use the classical formula of Einstein, 
i.e. rfktt % rl1no161 p 2:5 fp in which rfktt is the 
effective viscosity and rllnol is the molecular 
viscosity. 
Buoyancy or reduced gravity: Invoking the same 
argument, floes settle in a suspension with an 
increased bulk density. The effective settling 

velocity is decreased by a factor 61 L f J=>, where 
f P% c=r s% Cgel f=r s % the volumetric concen­
tration of the sol ids. 

This reasoning led to a new formula for the 
hindered settling of mud floes: 

1 
61 L fl:l1161 L f J=' 

Ws ~ Ws;O 1 p 2:5 f . (16) 

The exponent m accounts for possible non-linear 
effects. When the return flow effect is linear an% 11:>, 
only the volume effect of sediment settling in a 
liquid is taken into account. The downward flux of 
sediment creates an equal upward flux of water 
(with sediment) when non-linearity is taken into 
account an a 11:>. This means that hydrodynamic 
effects generated by the settling particle (for 
example acceleration and deceleration of flow, and 
the curvature of streamlines) are incorporated. 

The behaviour of these equations, and especially 
the occurrence of a minimum in F (Eq. (3)), 
determines if and when shock waves occur. For 
both Eqs. (15) and (16), f decreases monotonically 
with f (Fig. 5). The function F, however, behaves 
differently. In the case of Eq. (15), with n% 4, F has 
a minimum at a volumetric concentration f cr· This 
concentration indicates a change in the sign of 
dF=d f (Eqs. (7) and (8)), and thus, a change from 
the occurrence of two interfaces to one interface. 
The function F in Eq. (16) shows different profiles 
depending on the choice of m, an empirical 
parameter that cannot be quantified analytically. 
For m% 1, F decreases monotonically with f, but 

--•-- f Eq. 15 

0.8 --FEq.15 
----- f Eq. 16, m~1 

0.6 

::e: 
i:i:: 0.4 

--F Eq. 16, m~1 
--•-- f Eq. 16, m~2 
-FEq.16,m~2 

-o 
§ 

::e: 0.2 
q;;: 

0 

-0.2 

-0.4 ...__ __ ~--~--~--~------' 
0 0.2 0.4 0.6 0.8 

~[-] 

Fig. 5. Variation of hindered settling functions f and F for Eq. 
(15) (k% 1, n %4) and Eq. (16) (m% 1 and m %2). For cge1 a 
value of 85 kg=m3 is used. Based on Kranenburg (1992) and 
Winterwerp (2002). 
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for m41, F shows a minimum. The non-linear 
effects in the return flow lead to the occurrence of 
two or one interfaces depending on the initial 
conditions, while a linear return flow will always 
generate two interfaces. The value of m can be 
determined when f cr is known. F is given by 

l L 

Fotl:>% ddt ot tott::P 

y. 01 L fJ:Plo1 L Cgel f=r p 
4 

1 p 2:5 f 
L f 01 L fJ:Plrrii1 L Cgel f=r p 

01 L fl:t)1 p 2:5 fp 

L f 01 L fJ:PlCgel 
ro1 p 2:5tl:> 

L 
2

:S f 01 L fJ:Plo1 L Cgel f=r p 
o1 p 2:5 tl:f 

From dF=d f %0 at f % f cro m is obtained as 

o17P 

series. The second series was performed two months 
after the first, using the same initially prepared 
mixture. In each experiment a sample was taken 
from the tank and diluted with salt water to the 
desired initial concentration, whereafter it was 
poured in one of the settling columns, mixed and 
allowed to settle. 

The settling of the upper interface, which is the 
interface between clear water and the suspension, 
was monitored visually. Furthermore, concentra­
tion time series were measured at three or four 
different heights in the column. This was done with 
a conductivity probe (measuring resolution is 
-2 kg=m3 ), developed by WLjDelft Hydraulics. 
An Anton Paar meter was used to measure 
suspension density. 

3.2. Results 

q ffi ffi ffiffi ffi ffiffi ffi ffiffi ffi ffiffi ffi ffiffi ffi ffiffi ffi ffiffi ffi ffi8i ~ftlffi 1Srltfl tfi1'1JJfMI'A.fflfBffiffiffi ffiffiffi ffiffiffi ffiffiffi ffiffiffi ffiffiffi ffiffiffi ffiffiffi ffiffiffi 

15f~, L 2f cr p 4 p 25f~, p 60f~, L 116f~, p 64f cr p 16 For all the 16 experiments the effective settling 
m %2 f c,02 P Sf cP velocity of the suspension is determined where 

(18) possible, by taking the tangent of the settling 

In the next sections Eq. (16) is validated against 
experimental data. The parameters needed for the 
model have been derived previously (Dankerset al., 
2007), but their derivation is given briefly in the next 
section. 

3. Experiments 

3.1. Experimental setup and methodology 

Settling experiments were performed in the 
laboratory of the Environmental Fluid Mechanics 
Section at Delft University of Technology, using 
acrylic columns with heights of 40cm and a 
diameter of 7cm. The suspensions were prepared 
with kaolinite, a clay mineral with low cohesive 
properties. All 16 experiments were conducted using 
different initial concentrations. The goal was to 
create a data set for the calibration and validation 
of the hindered settling model (Eq. (16)). The 
parameters to be determined are the gelling 
concentration OC981P, the parameter m and Ws;o, the 
settling velocity of a single kaolinite floc in still 
water. The suspension was prepared by adding salt 
water or % 1003 kg=m~ to kaolinite powder. This 
suspension was then stirred thoroughly for at least 
two weeks in order for a steady chemical state to 
develop. The 16 experiments were carried out in two 

curves, all of which are shown in Fig. 6. 
Kynch (1952) described two types of settling 

curves (Fig. 4) that are recognised in Fig. 6 as well. 
The first type of settling curve in Fig. 4 is 
characterised by a profile with a steep hindered 
settling part and a less steep consolidation part. In 
Fig. 6 the curves with initial concentrations up to 
50 kg=m3 show this kind of behaviour. The upper 
interface in these cases is represented by the actual 
settling curve, while the lower interface is repre-
sented by the imaginary line from the origin to the 

100 

"' ~ 80 

-~ 
4-
0 60 :c 
bJ) 

·;; 
..<: 
-o 40 
-~ 
-;;; 
E 20 
0 z 

0 
0 20 40 60 80 100 

Time (min) 

Fig. 6. Normalised settling curves for different kaolinite con­
centrations. Solid lines represent Series 1 and dashed lines 
represent Series 2. Numbers indicate initial concentration 
Okg=mi:< The initial height was varied between 34 and 37cm. 
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point of contraction (see also Fig. 4). The second 
type of settling curve is characterised by a gently 
sloping curved I i ne. This type has only one interface, 
the upper interface, and according to the curvES in 
Fig. 6 this behaviour occurs when the initial 
concentration is larger than 60 kg=m3 . In the latter 
case, there is either a short hindered settling and 
fluid mud phase followed by consolidation 
of cr o f i o f 981P, or consolidation from the start 
ofi 4 f 981P. 

Although the consolidation phase is present in 
Fig. 6, only the part of the curve representing 
hindered settling is examined. 

3.2.2. Gelling concentration 
The gelling concentration is difficult to assess 

accurately. Therefore, we use two methods for its 
derivation. Often, the gelling concentration is 
determined from a mass balance of the settling 
sediment and the average concentrations above 
and below the lower interface. This method givES 
an approximation of the gelling concentration as 
it only givES accurate rESults when there is 
no consolidation. When consolidation occurs the 
gelling concentration is overpredicted. To determine 
the gelling concentration with this method we use 

zh.'l!P zd1 zh 
hci% cdz% cdz p cdz J c9e1d1 p c2d2 

0 0 

(19) 

leading to 

(20) 

in which ci is the initial mass concentration, h is the 
initial height, c2 is the concentration in the zone 
from the first interface to the shock or second 
interface (see also Fig. 4 in which c2 % ci ), d2 is the 
height from the upper interface to the lower 
interface at time t, and d1 is the thicknESS of the 
"bed" (from the lower interface to the bottom of 
the column at timet). This means that the calculated 
c981 is approximated by the average concentration 
over d1. In Fig. 4, top panel, it can be seen that 
the characteristic linES in that area form a fan 
and the concentration increaSES towards the bed. 
Using this method for all experiments we obtain 
c981 % 109- 8kg=m3 . The actual valueofcge1 will be 
lower, as the concentration of the suspension in 
layer d1 is affected by consolidation. 

A second method to obtain cge1 is to use measured 
concentration profilES. A conductivity meter placed 
a few centimetrES above the bottom of the column 
was used for this purpose. Some of the concentra­
tion time seriES measured in our experiments are 
shown in Fig. 7. In these profilES the concentration 
increase; gradually with time until the gelling 
concentration is reached (boxed area in Fig. 7). At 
this point the mud floes are close enough to provide 
structural support and consolidation, which is a 
slow process, begins. 

In this way the gelling concentration was 
obtained from the bed level measurements with 
the conductivity meter. This was done for most of 
the experiments, except for the onES in which the 
initial concentration was larger than the gelling 
concentration, or for a few experiments in which the 
conductivity probe was placed too high. 

The gelling concentrations determined with the 
conductivity probe are shown in Fig. 8. A trend of 
increasing gelling concentrations for increasing 
initial concentrations is visible. At first glance this 
is remarkable, as higher initial concentrations rESult 
in larger floes, hence lower gelling concentrations 
would be expected. However, larger floes break up 
more easily and this anomalous behaviour may be 
explained by other factors that influence the floc size 
and thus the gelling concentration, such as flow 
effects (shear), the type of sediment, the type of 
environment (e.g. salt water or the availability of 
organic material) and most importantly the strESS 
history. Fig. 8 shows that the gelling concentration 
is not a constant. However, our final goal is to 

80 
~ 

r. 

! 60 
= 0 
-~ 
./:l 40 = "' (J 

= 0 
u 

20 

0 ~--~----~--~----~--~--~ 
0 500 1000 1500 2000 2500 3000 

Time (s) 

Fig. 7. Concentration-time series for experiments with different 
initial concentrations. At t '1. 2000s from top to bottom: 
c; '1. 68; 54; 60; 39; 48 kg=m3 ; vertical lines represent estimated 
experimental error. 
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Fig. 8. Measured gelling concentrations. 

model the settling behaviour. For predictability it is 
more convenient to use a mean constant gelling 
concentration. In this study, the mean gelling 
concentration that was derived with the second 
method OC981 % 81- 8 kg=m::P is used. The max­
imum and minimum gelling concentrations can be 
used to determine the sensitivity of the model results 
to cge1• For more advanced modelling, the gelling 
concentration can be made dependent on the floc 
size. The latter is beyond the scope of this study. 

The accuracy of the conductivity meter depends 
on temperature and it is quite sensitive to vibra­
tions, air bubbles and clogging. An advantage, 
however, is that the initial concentrations are 
known exactly and the slope of the calibration 
profile is almost the same for all the measurements 
within one experiment. Therefore, the actual error 
in the density measurements is estimated at about 
- 5kg=m3 . 

A summary of all the experimental results is given 
in Table 1. 

3.2.3. Characteristics and non-linear effects 
We analysed the experiments using the method 

of characteristics to see whether shocks occurred. 
In Fig. 9 two settling curves are shown with 
their characteristics based on experimental results. 
The conductivity meter was used to determine the 
concentration at four different heights in the 
suspension. Fig. 9a clearly shows two interfaces. 
The upper interface is represented by the dot-dashed 
line, while a lower interface is found where the 
characteristic lines converge. Near the upper inter­
face the concentration decreases somewhat. This 
might be due to segregation, diffusion and/or wall 

Table 1 
All experiments with their initial concentration, effective settling 
velocity and gelling concentration 

ld c; Clkg=m1:> W5 (mm/s) cgel Clkg=m1:> 

30kol 35 0.134 66 
40kol 46 0.111 83 
SOkol 61 0.071 87 
60kol 71 0.058 90 
70kol 84 0.052 
SOkol 100 0.028 
10tt 27 0.170 
20tt 39 0.133 80 
30tt 46 0.101 67 
40tt 48 0.096 77 
50tt 68 0.067 88 
55tt 54 0.075 85 
60tt 77 0.059 
?Ott 60 0.044 83 
80tt 96 0.022 
90tt 108 0.019 

effects. For mono-dispersed suspensions, in which 
no segregation occurs, the concentration in this 
zone should be equal to its initial value. In that case, 
characteristics cannot be obtained experimentally, 
but the direction of propagation of the character­
istics can be derived mathematically by taking the 
tangent of the flux function (S). The direction of 
characteristics in the hindered settling phase is 
therefore more an indication of trend as their 
direction is not always unambiguous. Beneath the 
lower interface only one data point per character­
istic is available. This means that the characteristics 
in this area do not completely arise from empirical 
observation but that their direction is derived on the 
basis of both em pi rica I observation and expected 
behaviour. First, cocge1 and a fluid mud phase 
develops, which changes to consolidation when 
C4Cgel· 

Fig. 9b has a different appearance. There are no 
converging characteristics, which means that there 
is no shock or lower interface in the suspension. The 
characteristics have a fan-like configuration, indi­
cating a rarefaction wave. Because we are dealing 
with a rarefaction wave we have: 

hindered settling with one interface of 4 fcp, or 
consolidation (f 41, ci 4cgel) 

In this experiment ci % 61 kg=m3 , which means that 
the first is true as c981 %81 kg=m3 . 
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Fig. 9. Settling curves from experiment 20tt 0::;% 39 kg=m{:>and 
SOkol 0::; %61 kg=m{:> with characteristic lines. 

From the above analysis we can conclude that 
there can be a compound shock wave within the 
suspension, the so-called lower interface, if ci o c981 , 

and a rarefaction wave if there is no lower interface. 
Other indications confirming that there can be only 
one upper interface and no lower interface are given 
in Dankerset al. (2007). This means that, according 
to the theory of Section 2.1, the flux function F 
should fulfill both Eqs. (7) and (8). In that case 
the flux function has a minimum at f cro as shown in 
Fig. 5. In Eq. (16) this is only true when non-

linearitiES in the return flow effect are incorporated 
(i.e. m41). In Dankers et al. (2007) a value of 
0:43 o f cr o 0:68 was found which givES m J 2 from 
Eq. (18).This value will be used in the modelling 
experiments. 

4. 1DV modelling 

Next, the hindered settling equation (16), incor­
porated in the 1 DV point model by Delft Hydrau­
lics, is used for a further analysis of hindered 
settling. The simple wave equation (Eq. (2)) 
dESCribES the hindered settling regime, but not the 
consolidation regime as the equation become; 
parabolic when effective stresses occur (Winterwerp 
and Van Kesteren, 2004). Moreover, the simple 
wave equation dESCribES hindered settling in still 
water only, as in flowing water (turbulent) diffusion 
must also be accounted for. Therefore, hindered 
settling, turbulent diffusion and consolidation have 
all been incorporated in the advection-diffusion 
equation implemented in the 1 DV-point model. 
This impliES that this model is not fully suited to 
solve the simple wave equation. However, if 
diffusion is small, as is the case with molecular 
diffusion, the model rESults should be accurate 
enough. This assumption is elaborated upon next. 

4.1. Model description 

The 1 DV model was developed on the basis of 
DELFT3D-FLow by stripping all horizontal gradients 
except the horizontal pressure gradient. It is 
dESCribed in Winterwerp (2002) and U ittenbogaard 
et al. (1996). The vertical transport of sediment is 
modelled with the advection-diffusion Eq. (12). 

The equations are solved using a staggered grid, 
consisting of 100 layers in the vertical. A first order 
upwind scheme is used together with a three-point 
scheme for the diffusion operator in vertical 
direction. A time step of 1 s or 1 min is used. The 
numerical diffusivity (Dnum) for the upwind scheme 
amounts to Dnum% W5Dz=2 J 00:3 L 3:>• 10L 7 m2=s 
(Winterwerp and Van Kesteren, 2004). In our case, 
the particle diffusion is set to Ds% 5 • 10 L 8 m2=s. 1 t 
follows from Ws J 10L 4 m=s and Ds=Dz J 10L 6 m=s, 
that Ws b Ds=Dz and diffusion is negligible. Only at 
the end of the hindered settling phase, where the 
settling velocity approachES zero, numerical diffu­
sion may start to play a role. The parameter settings 
were derived from the experiments and are ex­
plained next. 
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4.2. Calibration 

The input parameters for the model are the initial 
concentration distribution, the gel I ing concentration 
OC981P, the settling velocity of single flocsOt.!s;cP and 
the non-linearity parameter (m). For the gelling 
concentration we use the mean gelling concentra­
tion from Table 1, which is 81 kg=m3 . It is under­
stood that the gelling concentration is not constant, 
but lies within a certain range, depending largely on 
history effects, type of minerals, chemistry of pore 
water, organic components (EPS, TEP), etc. For 
modelling purposes these effects cannot be incorpo­
rated easily and a mean gelling concentration is 
therefore used. The factor m is set to 2, e.g. Dankers 
et al. (2007). This means that non-linearities in 
return flow are taken into account, and the 
formation of a second interface is allowed. It is 
not possible to derive the parameter Ws;o from 
measurement directly. With kaolinite suspensions it 
is impossible to distinguish single particles, as the 
whole suspension is milky, even at low kaolinite 
concentrations. Therefore, the value of Ws;o is 
derived from fitting model results to the results of 
a few experiments. The Ws;o values are expected to 
change with initial concentration, as larger floes will 
be formed with increasing initial concentrations. 

From Fig. 10a a settling velocity for single floes of 
0:7 • 10L 3 m=s is obtained, while Fig. 10b gives a 
best fit with 1:5 • 10L 3 m=s. 

A good fit is obtained in the hindered settling 
regime of the two data sets. However, when the 
consolidation phase is reached the model does not 
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Time (s) 
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:c 20 
bJ) 

·;; 
:r: 

OL---~----~--~----~--~----~ 

0 1000 2000 3000 4000 5000 6000 
Time (s) 

Fig. 10. Model fit to experiments 10tt 0::; Y.27kg=m2J:>and 55tt 
0::; Y. 54 kg=m1:>to establish Ws;O· 

fit the experiments, which is due to the fact that 
consolidation is not incorporated in the model. In 
the hindered settling model, the bed concentration 
cannot exceed c981 , whereas in the experiments the 
concentration could be larger than c981 because of 
consolidation. Hence, the interface could become 
lower in the experiments. 

4.3. Results 

After the model is calibrated for experiment 10tt 
and 55tt, a validation with the other experiments is 
performed. The value of Ws;o for the other experi­
ments is obtained through linear interpolation and 
extrapolation against the initial concentration of 
the values obtained for experiment 10tt and 55tt 
(Table 2). This means that Ws;o is not a completely 
independent parameter. For both c981 and m, the 
mean value that was derived from the experiments is 
used, hence also these parameters are not comple­
tely independent. 

Thus, all parameters are now set to model the 
hindered settling behaviour. Three examples are 
presented in Fig. 11. 

Fig. 11a--c show good results in the hindered 
settling regime but a deviation is observed of the 
model result in and just before the consolidation 
regime. In general, the higher the initial concentra­
tion the sooner this deviation occurs. 

All modelling results are summarised and com­
pared with experimental results in Fig. 12. 

Table 2 
Settling velocity of a single particle in still water for different 
initial concentrations 

ld 

30kol 
40kol 
SOkol 
60kol 
70kol 
80kol 
10tt 
20tt 
30tt 
40tt 
50tt 
55tt 
60tt 
?Ott 
80tt 
90tt 

c; Clkg=m1:> 

35 
46 
61 
71 
84 

100 
27 
39 
46 
48 
68 
54 
77 
60 
96 

108 

Ws;o (mm/s) 

0.95 
1.28 
1.73 
2.03 
2.42 
2.90 
0.71 
1.07 
1.28 
1.34 
1.94 
1.52 
2.21 
1.70 
2.78 
3.14 
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Fig. 12. Relative settling velocity obtained from experimental 
results compared with Eq. (16) with mY. 2 and Eq. (15) (RZ) with 
n Y. 3:3 and 4. 

Eq. (16) gives good results for low initial volu­
metric concentrations, ( f i o 0:7 or c; o 60 kg=m3). At 
higher concentrationsthe computed settling velocities 
are slightly lower than the measured ones as a result 
of consolidation. The experimental results are also 
compared with the Richardson and Zaki (1954) 

x10-4 

2 ----- cgel ~ 66 kg/m3 

----- cgel ~ 90 kg/m3 

-- cgel ~ 81 kg/m3 

0 Measurements 

0 L---~--~--~--~----~--~--~~~ 
0.2 0.3 0.4 0.5 0.6 0. 7 0.8 0.9 

Volumetric concentration~ (-) 

Fig. 13. Sensitivity of the model to gelling concentration. Lines 
show model fit with Cgel Y. 66, 81 and 90 kg=m3. 

formula, Eq. (15). First, n is set to 4, as recommended 
by Mehta (1986). This results in an underestimation 
of the effective settling velocity. By fitting the model 
to the data, we find a value of n% 3:3 to be more 
appropriate, comparable to Eq. (16). The measure­
ments are presented together with their error bands. 
These bands indicate the range of volumetric 
concentrations if not the mean cge1 % 81 kg=m3, but 
the minimum cge1 % 66 kg=m3 and maximum c981 % 
90 kg=m3 are used to calculate the volumetric 
concentration from the mass concentration. 

The sensitivity of the model to the gelling 
concentration is shown in Fig. 13, where the 
minimum and maximum values for c981 are used, 
while all other parameters are kept constant. 

This figure shows the bandwidth within which the 
model results can vary when another gelling 
concentration is chosen. Only experiments with 
f i o 0:7 are shown. Fig. 13 shows that both the 
mean and the maximum values of cge1 describe the 
data properly, the latter in particular at larger initial 
concentrations. For c981 %66 kg=m3 there is a 
considerable deviation from the data. 

Next, we analyse the concentration time series 
of measurements. In Fig. 14 the concentration 
time series are shown for several experiments. 
This figure shows whether the model predicts the 
proper velocity of the interface, and whether the 
measured jump in concentration across the interface 
is accurately modelled. Grey lines represent the 
model results, showing a fair agreement with 
data. It is noted that the computed interfaces do 
not appear as thin shocks, but have a certain 
thickness over which the concentration increases. 
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Fig. 14. Comparison of model (grey lines) and experiments 
(black lines) for concentration time series. (a) Experiment 10tt 
0::; %27 kg=m2J:>at 30,23 and 15cm above the column bottom. (b) 
Experiment 30tt 0::; %46kg=m2J:> at 30, 25 and 23cm above the 
column bottom. (c) Experiment 40tt 0::; %48 kg=m2J:> at 29 and 
25cm above the column bottom. 

This is due to some (numerical) diffusion in the 1 DV 
model. 

The concentration distribution computed at the 
lowest measuring point shows a small overshoot, 
which is due to numerical effects. The gradual 
decrease in the measured concentration across the 
interfaces is due to the measuring volume of the 
instrument and its limited response time and 
possibly also due to some segregation of mud floes 
in the top layer. 

The error in the experimental data is esti­
mated within -5kg=m3 , e.g. the error band in 
Fig. 7. 

Finally, we investigate the sensitivity of the model 
to variations in m, as its actual value lies in the 
range of 1:4 om o 2:6. This parameter may change 
in value for different clay minerals or in case the 
samples have a different stress history. The lower 
value of m shows a better agreement at high f, 
whereas at lower f, m% 2 gives a better agreement 
with the data (Fig. 15). The sensitivity is not very 
high, as long as m41, as form% 1 the behaviour of 
the settling curve changes. 
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Fig. 15. Comparison between model results and data form% 2, 
2.9 and 1.4. 

5. Summary and conclusions 

This paper deals with the hindered settling of mud 
floes. Experiments are described and analysed 
analytically with Kynch's theory of a settling 
suspension, using the simple wave equation to 
predict shocks within the suspensions. Furthermore, 
a numerical analysis is performed using a 1 DV 
model in which that uses an advection-diffusion 
equation is implemented with a continuous descrip­
tion of hindered settling and consolidation. The 
1 DV model makes use of a hindered settling 
formula, which is validated against experimental 
data. 

The analytical approach, in which hindered 
settling is analysed with the method of character­
istics, showed that there are two type; of settling, 
depending on the initial concentration. In the first 
type, the suspension settles with two interfaces. 
Beneath the upper interface, referred to as a regular 
shock wave, the characteristic lines all represent the 
same initial concentration. In the lower part of the 
settling curve the characteristic lines have a fan 
shape and show an increase in concentration 
towards the bottom. The characteristics in the 
upper part interfere with the characteristics in the 
lower part and, where they intersect, a second 
interface is formed, referred to as a compound 
shock wave. The zone between the two interfaces is 
called the hindered settling phase, while after the 
lower interface there is a "fluid mud phase" which 
evolves into the consolidation phase at f % 1. In the 
hindered settling and the "fluid mud phase" 
hindered settling takes place, while in the consolida­
tion phase consolidation occurs. 

FOIA_07123_0005563_0013 



1906 P.J.T. Dankers, J.C. Winterwerp I Continental Shelf Research 27 (2007) 1893-1907 

In the second type of settling only one interface is 
formed. In the upper part of the settling suspension 
the characteristics are parallel to each other and the 
concentration is uniform. Lower in the settling 
suspension the characteristics diverge from each 
other and the concentration gradually increases. 
This is referred to as a rarefaction wave. The 
characteristics do not intersect and a lower interface 
is not formed. 

The method of characteristics works well for 
analysis of the experimental results. However, to 
test the new hindered settling equation, we also need 
a numerical model. For this purpose Eq. (16) was 
implemented in a 1 DV model to deal with high 
concentration suspensions. In order to use the 1 DV 
model, values of the model parameters had to be 
derived from the experiments. Therefore, another 
goal of this study was to assess these values. The 
relevant parameters are the gelling concentration 
OC981P, the return flow parameter (m) and the settling 
velocity of single floes in still water ONs;rP- The 
gelling concentrations were derived from conduc­
tivity measurements. This concentration was differ­
ent for the various settling experiments, but always 
within the range of 66 and 90 kg=m3 , with a mean of 
about 81 - 8 k g=m3 . In the model we used the mean 
c981 , but a sensitivity analysis was done using both 
the minimum and the maximum gelling concentra­
tions. The model conformed to the data properly 
when the average gelling concentration was used, 
although the larger gelling concentration also 
predicted the data properly for f i 4 0:7. The 
parameter m was derived from the characteristic 
lines in combination with experimental results, 
showing that there could be either one or two 
interfaces, which resulted in m41. A further 
analysis of the flux function resulted in m% 2, 
which was used in the model. The value of Ws;o was 
derived by calibrating the model against two 
experiments. The model showed to represent the 
data well. Therefore, we conclude that the hindered 
settling and the fluid mud phases of kaolinite 
suspensions can be described with: 

1 
61 L f!;)2o1 L f rf 

Ws ~ Ws;O 1 p 2:5 f , (21) 

where for our experiments f % c=cgel, Cgel J 

81- 8 k g=m3
, f P% c=r s and Ws;o from Table 2. 

In contrast to the model of Richardson and Zaki 
(1954), this model allows easily for an extension to 
the (hindered) settling of highly concentrated 

mud-sand suspensions (with a low sand concentra­
tion), which is subject of further work. Moreover, 
Eq. (21) can be integrated with a description 
for consolidation in an advection-diffusion equa­
tion after which it will cover the entire range of 
settling to consolidation (e.g. Winterwerp and Van 
Kesteren, 2004). 
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